ABSTRACT BACKGROUND Brain injury (BI) is reported in 60% of newborns with critical congenital heart disease as white matter
A dvances in peri-operative care have led to improved survival of newborns with critical congenital heart disease (CHD) (1, 2) . Although there has been a decline in overt neurologic insults in these children, many experience behavioral, emotional, cognitive, and motor impairment, suggesting widespread brain dysfunction that continues into adulthood (3) (4) (5) . Despite significant improvements over time in survival, surgical strategies, and perioperative care, neurodevelopmental (ND) outcomes have only modestly improved (6) . These findings suggest that patient specific risk factors and brain health may be key determinants of ND outcome.
Studies have documented a high prevalence of peri-operative brain injury and delayed brain development in neonates with CHD (7) (8) (9) (10) . However, few studies have identified a strong correlation between peri-operative brain injury and ND outcome. The largest study in infants with CHD found no association between neonatal peri-operative brain injury and outcome (11) , whereas other studies reported divergent results (12, 13) . In contrast, several important clinical variables are known to influence ND outcomes in children with CHD through mechanisms that do not involve brain injury, including maternal education, socioeconomic status, and presence of a genetic abnormality (14) (15) (16) . and K.P.), blinded to clinical variables. Brain injury was characterized as stroke, white matter injury (WMI), intraventricular hemorrhage (IVH), or global hypoxic ischemic injury, as previously described (8) . The description of post-operative brain injuries was limited to newly acquired lesions not evident on the pre-operative scan. WMI was further classified as mild (1 to 3 foci each <2 mm), moderate (>3 foci or any foci >2 mm), or severe (>5% of WM volume). IVH was characterized as grade I, II, III, or periventricular hemorrhagic infarct using the system of Papile et al. (17) . No subjects were found to have IVH grade >II. Brain injury severity (BIS) was categorized for each subject as previously described in an ordinal scale (18): 0 ¼ none or minimal injury (mild WMI and IVH grade I to II; no stroke); 1 ¼ stroke (any size stroke without moderate-to-severe WMI); and 2 ¼ moderate-to-severe injury (moderate and severe WMI). BIS score was assigned to the preoperative MRI and to the post-operative MRI for newly acquired lesions. The BIS score was assigned based on the worst injury observed. For example, if a subject had stroke and moderate-to-severe WMI a BIS score of 2 was assigned. To account for multiple injuries in a single subject at both time points, a maximal BIS score was determined, which was the highest score between the pre-operative and postoperative BIS scores. The quantitative assessment of WMI was performed by a trained rater (T.G.) and 
Neonatal Brain Injury and Outcome in CHD reviewed by an experienced neonatal neurologist (S.M.). Punctate WMI was characterized by areas of T1 hyperintensity and was manually delineated on all available pre-operative and post-operative scans. The total WMI volume was determined by manual segmentation, as previously described (19) . If WMI was identified on both the pre-operative and postoperative T1-weighted images, the largest total WMI volume was included in the statistical analysis (maximal WMI volume).
DIFFUSION TENSOR IMAGING. Diffusion tensor imaging was performed using a sequence optimized at each site for neonatal brain imaging to measure microstructural brain development. For the purposes of this analysis, we focused on the regional directionality of water motion in the WM, defined as fractional anisotropy (FA). With increasing microstructural brain development, the regional directionality of water motion increases thus FA increases (20) . The FA was calculated for 5 voxels in the WM bilaterally using prespecified anatomical references (7) Tables 1 and 2 ). The prevalence and type of brain injury among subjects with follow-up is demonstrated in Table 3 .
Approximately 55% of subjects had some type of peri-operative brain injury in the neonatal period, with WMI being the most common type of injury ( Figure 2 ). Two subjects had hypoxic-ischemic brain injury, both of which primarily involved the WM, thus they were characterized as having severe WMI.
Although stroke was also highly prevalent, 25 of 29 subjects with ND outcome data (86%) had small strokes (less than one-third of the arterial territory).
Four subjects had larger strokes (one-third to twothirds of the arterial territory), all of whom had MDI and PDI scores below 90. For this study, we assessed the maximal BIS score. Among the subjects with follow-up data, all BIS scores either stayed the same or were worse on the post-operative scan as compared with the pre-operative scan. As expected, mean PDI and MDI scores were lower than the normative mean (100 AE 15) at each time point (Online Table 3 ).
In the univariable analyses at 12 months, only clinical factors were significantly associated with the MDI or PDI (Online Table 4 Table 5 ). Of note, on univariable analyses Values are n (%) or median (range).
Abbreviations as in Table 1 . Table 4 ). The effects of other variables in the multivariable analysis are listed in however, in a follow-up paper with a larger cohort and varying types of CHD, the same group found only an association with post-operative brain injury and cognitive outcome at 2 years of age (13) . Similar to Beca et al. (11) , the analysis was focused on injury as a dichotomous predictor, which may mask important associations between more severe types of brain Values are n/N (%). *At 12 months, 10 subjects with d-TGA had both stroke and WMI noted on either the pre-operative or post-operative magnetic resonance imaging. †At 30 months, 5 subjects with d-TGA and 2 subjects with SVP had both stroke and WMI noted on either the pre-operative or post-operative magnetic resonance imaging.
WMI ¼ white matter injury; other abbreviations as in Table 1 .
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procedure is associated with small embolic strokes, it improves oxygen delivery and hence may contribute to better ND outcomes, though this conjecture warrants further scrutiny with more sophisticated testing based on stroke location and specific brain functions at later ages. Not surprisingly, larger strokes do seem to result in adverse outcomes, although our sample size for this injury precluded statistical testing.
Previous studies have suggested an association between measures of brain development and outcome in this population. The Total Maturation Score at 3 months of age in a mixed cohort of subjects with critical CHD was reported to be with deficits in multiple ND domains at 2 years of age (11) .
We assessed brain development as measured by Tables 1 and 3 . Tables 1, 3 , and 4. patrick.mcquillen@ucsf.edu.
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